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INTRODUCTION
Because of its reliability, high power density, low fuel consumption and low cost, the internal combustion engine running on fossil fuel is currently the single most important power source for transportation purposes. Over the last decades the exponential increase in mobility in Western Europe has, however, led to a growing awareness of its negative impact on the environment.
This impact is largely due to the atmospheric pollution resulting from its exhaust gases. Since most of the (fossil) fuel consists of carbon and hydrogen atoms, the combustion products of this fuel are mainly CO 2 and H 2 O molecules. Due to incomplete combustion and evaporative losses also carbon-monoxide (CO), unburned gaseous hydrocarbons (HC) and particulate matter (PM) are present. Finally, the exhaust gases will also contain nitrogen oxides (NO x ) that result from the reaction of nitrogen with oxygen at high temperatures. The emissions of CO, HC, NO x and PM from internal combustion engines are subject to legislation (regulated components). Many other possibly toxic components are emitted by the exhaust gases of engines. Examples of these, so-called, unregulated components are: polynuclear aromatic hydrocarbons (PAH), formaldehyde, benzene, toluene, xylene, SO 2 . The latter, due to the sulfur present in the fuel, has been subject of investigation, which has led to a gradual change of the sulfur content of the fuel(s) over the next years.
All of these emissions affect the environment either on a global or on a local scale. On a global scale the emissions of CO 2 , H 2 O, methane and N 2 O are thought to contribute to the so-called greenhouse effect. N 2 O furthermore causes depletion of the ozone layer.
On a local scale, the emissions of CO, HC, NO, SO 2 and particulate matter have both short term (toxic) and possibly long term (carcinogenic) negative effects on humans. In addition NO 2 and SO 2 emissions result in acidification of rain.
HEAVY-DUTY EMISSION LEGISLATION IN EUROPE
In Europe, as shown in Figure 1 , heavy duty road transport vehicles contribute significantly to the emission problem. As the bulk of these vehicles are diesel engine powered, for pollutant gases this contribution consists mainly of the emission of NO x and SO 2 [1] . Figure 1 . Contribution of heavy-duty transport to overall atmospheric pollution [1] Furthermore, it is estimated that 20% of the airborne dust particles comes from road transport, most of it being attributable to PM emissions from HD transport vehicles [2] .
In recent years the legislator has responded to this situation by imposing increasingly stringent emissions legislation for road transport. The emissions of NO x and PM have been the primary concern.
One of the key issues when looking into the representative measurement of emissions from roadvehicles is the test-cycle. Of course, as with light duty vehicles, a realistic dynamic chassis dynamometer test, resulting in emissions in g/km, would be the optimum basis for such legislative purposes. However, due to the large number of vehicle configurations emissions legislation is based on engine and not on vehicle tests. Figure 2 . ECE R49 test procedure working points and weighting factors
Until the EURO 2 emissions legislation heavy duty engine emissions have been tested according to the ECE R49 13-mode test procedure. In this procedure steady state emissions are measured in 13 different engine working points, from which a weighted average value of these emissions in g/kWh is calculated. The engine working points and the corresponding weighting factors are shown in Figure 2 .
Of course such a test procedure is only acceptable if the selection of test points and the corresponding weighting factors represent the frequency at which the engine is actually being used across its operating range.
Recent studies have shown that the R49 test procedure is no longer representative of the use of modern HD diesel engines [29] .
From October 2000 the test procedure will change. 'Conventional' heavy-duty diesel engines (i.e. engines without advanced emission control systems) will be tested according to the new ESC (European Steady Cycle) test procedure. In this procedure emissions are again measured in 13 different steady state engine working points.
As shown in Figure 3 the emphasis in the ESC test is on the mid-speed range. In order to obstruct possible cycle beating or cycle by-passing attempts the legislator has added the requirement that in any point in the ESC (speed, load)-range (shaded area in Figure 3 ) emissions should not deviate more than 10% from the value obtained through interpolation from the emissions data in the four nearest 13-mode points.
Figure 3. ESC test procedure engine working points and weighting factors
Both the original R49 test procedure and the ESC test implicitly assume that the contribution of engine transients on the overall emissions produced on the road is negligibly different from the emissions calculated from the corresponding sequence of quasi-steady conditions.
For the conventional diesel engine, such difference will be mainly due to excursions of air-fuel ratio (AFR) from its corresponding quasi-steady state value. With these engines the effect of such excursions on emissions is usually limited. The only exception is a possibly unacceptable PM increase during rapid load changes. That is why for conventional diesel engines, the ESC test procedure is extended with a dynamic smoke-test (10% load to full load at the ESC engine speeds).
More advanced gas engines or diesel engines that use advanced emission control systems rely on a much more accurate control of AFR or (catalytic) reagent admission for achieving acceptable emission levels. It is very important to maintain this control during transients. For gas engines and advanced diesel engines, who also have to be tested according to the ESC cycle, the ETC (European Transient Cycle) test procedure has been defined. In this test the engine follows a prescribed (speed/load) curve on a transient dynamometer and the corresponding overall emissions are measured. Figure 4 shows a typical corresponding vehicle speed variation. A need is felt, however, to stimulate an even faster improvement of urban air quality. That is why in Europe initiatives are being taken to define a special class of clean vehicles for HD transport in urban areas. For these socalled Enhanced Environmentally friendly Vehicles (EEV) engine target emission levels will be especially low for PM and for NO x . Table 2 gives an indication of the kind of emission performance that is expected with these engines when tested according to the appropriate cycle [3] .
It comes to light that the NO x emissions will be further reduced and that the PM emissions are almost at the level of the EURO 4 values mentioned before. Furthermore, in the EEV emission legislation the Non-Methane Hydrocarbons (NMHC) will have to be measured. Currently, the EURO-5 emission limits are also under consideration for the year 2008. The values envisaged are close to the EEV emission limits.
HD DIESEL ENGINE TECHNOLOGY
In the year 2000 the EURO-3 emissions legislation will come into force. In order to comply with the preceding EURO-2 legislation turbocharging and aftercooling is used on all engines. The more recently launched new engines have 4 valves per cylinder, low swirl, a centrally placed injector and high pressure fuel injection. The level of particulate emission of these engines is actually already at the EURO-3 level. With a re-optimized combustion and load and speed dependant injection timing, these engines can meet the EURO-3 legislation ( Figure 5 ). Moreover, these engines have about the same fuel consumption as the more conventional EURO-2 engines.
With the latest high pressure injection systems now in production particulate emission can be slightly reduced [45] . However, it is not to be expected that further optimization of the match between fuel injection (timing and pressure) and air admission (through advanced turbocharger hardware) across the engine working range will lead to significant lower NO x and particulate emissions without an unacceptable increase in fuel consumption.
Figure 5. Particulates versus NO x emissions for heavy duty diesel engines (ESC test cycle)
Improvement of fuel quality will slightly reduce NO x and particulate emissions. It has been demonstrated that the use of reformulated fuel such as the Scandinavian Class 2 and Class 1 fuels, with reduced aromatics and sulfur contents, leads to a reduction of NO x emission of approximately 4% and a reduction of particulate emission of 20% [18, 19, 20] . Blending the diesel fuel with 20% vegetable-ester leads to a reduction of particulate emission between 10 and 20%. [21] Reformulation of the fuel and an optimum engine combustion obviously will not suffice to reduce the particulate emission of a modern diesel engine from below 0.1 to below 0.02 g/kWh (EURO-4 and EEV, Table  1 ,2). It has been shown [45] that with high pressure fuel injection, an oxidation catalyst and very advanced timing the 0.02 g/kWh PM emission level can be attained. In that case the NO x level is too high, but that can be reduced by applying an SCR-deNOx catalyst.
In order to solve the particulate emission problem filters have been developed of which the passive continuously regenerating filters appear to be the most promising at the moment. An important consideration related to the emission of particulate matter is not only the weight of the emitted particles, but also the particle size. Interest in the so-called nano-particles (smaller than 50 nm) has considerably increased, as these are suspected to be of much more risk than the larger particles. The nanoparticles are able to penetrate deeper into the respiratory tract and have a much longer residence time. Therefore, not only the total weight of the particles is important, but also the number of particles per unit of weight [27] .
Cooled EGR (Exhaust Gas Re-circulation) and SCR deNOx (Selective Catalytic Reduction) are currently listed as the technologies to meet the future NO x requirements. The first is an internal engine measure (reducing in-cylinder NO x formation), the second an external measure with injection of a reagent in the exhaust. For EURO-4 (3.5 g/kWh NO x ) EGR is the most likely candidate (also because it takes time to build up the necessary reagent infrastructure for SCR deNOx catalysts).
The emission levels achievable with both technologies are sketched in figure 5 . It should be mentioned that EGR is also a suitable technology for EURO 3 engines. It offers the possibility to advance injection timing, which will improve the fuel consumption.
Of course, also other solutions for lower diesel engine emissions can and are being investigated. The most interesting ones mentioning but that will not be discussed in this paper are:
• changes to fuel composition by introduction of new fuel types such as oxygenated fuels or DME [9] • multiple injection strategies • Homogeneous Charge combustion (HCCI) [40] • fuel charge stratification or emulsification with water • HC storage deNO x emission control.
All of these techniques are currently further from production than EGR or the advanced emission control technology dealt with in this paper.
In the following paragraphs advanced technology will be highlighted which at present has shown the highest potential. It will be made clear that in order to achieve the EEV, and probably also the EURO-4 emission limits, a combination of different technology and other measures will be necessary.
EXHAUST GAS RECIRCULATION
The formation of NO x is largely the result of a reaction between N 2 and O 2 molecules at temperatures above 2000 K. The NO x formation rate increases almost exponentially with temperature. EGR will reduce NO x by lowering both the O 2 concentration and the temperature in the burning diesel flame. This is accomplished by mixing (cooled) re-circulated exhaust gas with the intake air.
TNO has demonstrated that with cooled EGR in combination with the appropriate engine settings, almost 60% NO x reduction is possible [4, 5] .
For this work an EGR system was developed and engineered for a TCA 12 liter 315 kW engine with 4 valves per cylinder and a high pressure injection system. In the EGR system, shown in figure 7 , the exhaust gas is tapped off before the turbine, run through a cooler and mixed via a specially developed venturi-mixer with the intake air after the compressor and aftercooler.
The crucial part in the EGR system is a new type of very efficient and compact venturi-mixer ( Figure 6 ). In combination with a variable nozzle turbine turbocharger (VNT) the EGR-rate can be matched to the needs of the engine. The venturi-mixer is positioned between the aftercooler and the intake manifold and provides the necessary suction power to the exhaust gas.
Figure 6. Specially developed EGR venturi-mixer
This suction power and proper modulation of the VNT enables substantial EGR over most of the engine speed range even at full load [4] . Furthermore, the EGR-flow is achieved with a negligible reduction in air intake flow (same AFR). Therefore, torque loss is avoided and the particulate emission increase is limited.
With this hardware in combination with the use of low sulfur fuel (0.04 % mass), it was possible to reduce the NO x emissions over the R49 13-mode test to 2.4 g/kWh (a reduction of almost 60%). The particulate emissions were 0.11 g/kWh and BSFC was 220 g/kWh. This BSFC was only 2.5% higher than the BSFC of the base engine without EGR (5.7 g NO x /kWh). Due to the importance of the high load and speed points in the certification test cycle relatively high EGR-rates are necessary at these points. The order of magnitude of the EGR-rate at full load is about 10-15 % [4, 5, 28, 41] .
By further optimization of the combustion system a small reduction in BSFC and PM emission should be possible. These and other results of development work [5] indicate that EEV limits can be met using this EGR hardware in combination with a particulate trap.
One of the most challenging parts of the development of a diesel engines with EGR is the performance under transient conditions. The main challenge is the control of particulate emission during transient conditions. Even if a particulate trap is used to meet the requirement, regeneration might be insufficient if the particulate emission level is high. As a result the exhaust back pressure will increase, which would lead to an increased fuel consumption. Therefore, much attention has to be paid to the transient response of the engine in combination with the smoke production of the engine. By choosing the right control strategy of the VNT guide-vane and the EGR-valve the transient behavior could be made similar to the baseline engine without an increase of smoke emissions ( Figure 8 ) [5, 28, 32, 33] . During the system and engine development at TNO the computer simulation tool DynaMo [46] has been of great use to speed up the development process. With the help of this model the smoke response can be investigated in different transient engine conditions and with different control strategies [33, 34] 
SCR DE-NOX -ADVANCED EMISSION CONROL
With SCR deNOx for heavy-duty engines generally an aqueous urea solution is used as the reagent (32.5% or 40% by mass). Urea (H 2 N-CO-NH 2 ) forms ammonia (NH 3 ) when injected into hot exhaust gases. This can be assisted by a small hydrolysis catalyst. In the SCR catalyst NH 3 reacts with NO x forming N 2 and H 2 O. SCR deNOx is suitable for both diesel and gas engines [24] , although during the past 10 years the emphasis has clearly been on diesel engines. Field test results will be reported by Siemens [38] and Johnson Matthey/HJS. The latter uses ammonia carbamate as reagent. Heated to above 60°C this forms a mixture of NH 3 and CO 2 , which is consequently dosed into the exhaust as a gas [16] .
Two catalyst types are currently used. First, the extruded catalyst (monolith structure is extruded from porous material with embedded catalyst elements) [23] . The second type is a cordorite monolith with a washcoat that acts as a porous structure. The washcoat can be aluminumoxide with vanadium, titanium and tungsten or it can be a Zeolite (with Cerium or Copper) [22, 24] .
Downstream of the SCR catalyst a Pt (Platinum) or Pd (Palladium) oxidation catalyst can be installed as a security device to prevent ammonia emission and also to reduce HC and CO emission. During the clean-up of ammonia N 2 O (nitrous oxide) can be formed, which is a gas with a very high global warming factor [8, 17] .
The reagent dosage strategy plays an important role in the SCR system. The aqueous urea needs to be dosed proportional to the NO x output of the engine, taking into account the limitations of the catalyst and the desired NO x reduction. This means that the engine-out NO x emission needs to be accurately determined even though ambient conditions such as humidity and ambient temperature and pressure are changing. It has been estimated that the NO x output can vary up to 15% with the maximum humidity variation encountered in Europe. Also production tolerances and the frequency of engine load and speed changes influences the NO x emission.
Modeling could be a method to determine NO x emission under transient conditions (e.g. by means of a neural network [43] ).
An NO x and/or an NH 3 sensor would greatly enhance the reagent dosage accuracy and could also act as an OBD (on-board diagnostics) sensor for the catalyst performance. Prototypes of these sensors are available or will become available in the next years. The reliability still needs to be proven. General benefits of a sophisticated reagent dosage system and control strategy are reliable low NO x output, reduced reagent consumption and reduced risk of emissions of undesired components such as NH 3 and N 2 O.
TNO demonstrated an SCR system in a program supported by the Dutch ministry of the Environment several years ago. The set-up of this system, in which Johnson Matthey supplied aluminum/vanadium type catalysts, is presented in Figure 9 . [8] The catalyst was set-up in a dual arrangement to give the desired space velocity in combination with an acceptable exhaust gas back pressure. A conventional EURO-2 engine (6 cylinder, 12 liters, 315 kW) was used. The emissions during the R49 and ESC cycles are shown in Figure 10 . NO x emission during the R49 and ESC test were around 2.5 and 2.1 g/kWh respectively (65% and 70% reduction). The particulate emissions showed some increase (5 to 40%) due to sulfate formation in the oxidation catalyst (the sulfur contents of the fuel was 400 ppm). From this and the fact that the oxidation of NH 3 slippage from the SCR stages was almost 100%, it can be concluded that an oxidation catalyst with a somewhat lower noble metal loading would be a better choice for this engine/load pattern combination.
An engine with deNOx aftertreatment also has to comply with emission targets when tested over the ETC. Table 3 summarizes NO x and particulate emission results of a number of ETC tests.
The NO x reduction varies from 70% to 85%. From this it can be concluded that a dynamic load pattern is no problem for the reagent dosage (with an NO x following strategy) and that the actual NO x conversion is even somewhat higher than during the 13-mode cycles. The reason for this is that the lower average exhaust gas temperature during the ETC cycle, better matches the optimum NO x conversion temperature range of the vanadium type catalyst used.
PARTICULATE TRAPS
As already stated in the introduction, the use of particulate traps on trucks and buses in Europe is likely with the presented EURO-4 and EEV emissions requirements with very low particulate emissions.
Well known from the past are the KHD duplex filter with diesel burners and also the Volvo city filter which was electrically regenerated during vehicle standstill (e.g. at night). These systems had disadvantages which have been more or less overcome by the continuously regenerating filters such as the Continuously Regenerating Trap (CRT ® ) of Johnson Matthey [26, 27] and the Catalytic Soot Filter (CSF ® ) of Engelhard [47] Also systems using a fuel additive based on cerium, iron, copper or platinum are receiving renewed interest [35, 36, 37] . The concentrations of these additives in the fuel vary from 5 to 100 ppm (0 to 5 ppm for platinum). The advantage of these systems is that they can be used with fuel with today's normal sulfur levels (300 -500 ppm), while the continuously regenerating filters require ultra low sulfur fuel (<50 ppm).
The challenge with particulate filters is to have them working properly under all the conditions in which the vehicles are used and the normal truck life time requirements. The duty cycle of the vehicle is of large influence on the working conditions of the particulate filter. Particularly at risk are applications with long low load periods. In that case particles will accumulate which leads to a risk of a melt down of the filter once the load is high enough to start the regeneration. The filter could also get plugged and the engine could stall. Moreover, the filter should also be able to withstand an occasional use of a higher sulfur fuel. For example if the vehicle drives to areas where ultra low sulfur fuel is not available. The above means that careful attention must be paid to the lay-out of the emission control systems.
Measurements carried out by TNO on a 160 kW EURO 1 bus with a CRT system showed that in normal use more than 50% of the time the temperature was above 250 °C. This temperature is thought to be high enough for continuous regeneration. This is in line with the back pressure level measured which was very stable and never exceeded 15 kPa.
The regeneration of the CRT ® is catalyzed by NO 2 which is formed from NO in an oxidation catalyst upstream of the filter. Figure 11 shows R49 (13-mode) results of the bus engine equipped with a CRT ® system. The particulate emission reduction is 90% (a fuel with 10 ppm sulfur has been used). Reduction of NO x , CO and HC are 9%, 94% and 96 %respectively, which is an additional advantage of the application of such a trap. The large reduction of CO and HC is due to the presence of an oxidation catalyst, necessary to create the right NO 2 /NOratio. The influence on the fuel consumption, due to a slightly higher back pressure, was negligible.
If the NO x level of the exhaust gas entering the trap is low (i.e. due to EGR) the regeneration of the filter will slow down. Even though the CRT ® appears to be working very well with current engines, it still remains to be seen if it works reliably with a low NO x EGR engine where the NO x level is low and the particulate emission level is relatively high. When a continuously regenerating filter is combined with SCR the circumstances are better, because the filter can be placed in front of the catalyst where the NO x level is still high. Figure 11 . Relative emissions and fuel consumption bus engine with CRT during R49 13-mode test (without CRT is 100%). 
GAS ENGINE TECHNOLOGY
In view of the challenge to reduce the particulate emissions of the diesel engine, the obvious alternative is a homogeneous premixed spark ignited heavy-duty engine. For economic and environmental reasons these Otto-cycle engines have been fuelled with alternative fuels like (M)ethanol, LPG and natural gas (CNG, LNG).
With the help of exhaust gas aftertreatment (three-way catalysts, oxidation catalysts) these engines can be made extremely clean.
Over the past 25 years two different types of heavy-duty gas engine have evolved. The first type is the engine with stoichiometric (λ=1) combustion. As it can be combined with a three-way catalyst, this type of engine can be made to reach emission levels well below EEV standards. The second type of gas engine runs on a lean mixture. Because such mixtures are less sensitive to auto-ignition the compression ratio can be higher. Also, due to the excess of air, the combustion temperature and consequently the heat loss will be lower. This results in a fuel consumption that is lower than for stoichiometric engines. In its best operating point the lean burn engines will even approach the fuel efficiency of a diesel engine. However, in order to achieve low NO x levels with LPG or CNG, the air excess ratio λ must exceed 1.5 or even 1.6 over a large part of the engine operating range. At such high λ-values also HC emissions will become higher and an oxidation catalyst must be used. Furthermore, for even higher air-fuel ratios (λ > 1.6) the engine will come close to misfire. The small margin between low NO x emissions and misfire obviously requires a very good and accurate control system and a reliable ignition system.
In table 4 confirmation can be found for the fact that fuel consumption with a gas engine is inferior to the consumption with a diesel engine. Of course, like in diesel engines, the quality of the fuel is very important. The main difference, however, between diesel fuel and gaseous fuels is that the latter fuels are not typical automotive fuels. In a number of countries an automotive specification exists, however, there are still large differences in fuel composition in the field, especially for natural gas. With stoichiometric (λ=1) engines this variation can lead to knock problems. Lean burn engines can suffer from both knock and misfire problems due to fuel quality variations. Table 4 gives an overview of the R49 (13-mode) test emissions of some gas engines developed by or with TNO. Clearly, when λ can be kept high enough, a lean burn gas engine will realize NO x -levels well below 2.0 g/ kWh. In order to be able to maintain such λ-values on the road, especially during engine transients, very accurate control of the throttle valve position and fuel admission is necessary. This can be achieved through electronic throttle control (drive-by-wire or E-gas) in combination with closed loop AFR control using an UEGO sensor. Preferably, this control will correct for changes in ambient conditions such as temperature, pressure and humidity.
Although certainly not impossible, it will be a challenge to realize the low NO x EEV targets with lean burn engines in practice. An accurate and reliable NO x sensor would be necessary.
Therefore, in order to avoid these problems, safety margins on λ need to be introduced. In a lean burn engine this results in both BSFC increase and higher NO x emissions. To avoid this, gas composition sensors, pressure sensors and/or knock sensors can be used.
Because these techniques are not yet in production, the EEV initiative suggests to allow certification on a narrowed band of gas compositions, characteristic of the geographical area where the gas engine is to be used.
Finally, engines in vehicles in urban areas (e.g. city bus services) are running at idle and part-load conditions during a major part of their duty cycle. Due to this stopand-go cycle the exhaust and catalyst temperatures are lower than for other heavy-duty applications. Since catalyst efficiency strongly depends on the temperature level, engines with catalytic aftertreatment should be [15] ).
Besides the necessary improvement of energy consumption, basically the two main directions of development are the improvement of the 'engine-out' emissions and the further improvement of catalysts. The latter mainly comprises trying to increase the conversion rate, to reduce the light-off temperature and to improve the durability of the catalyst. Next to the reduction of NO x the conversion of unburned hydrocarbons is the main issue. The 'engine-out' emissions can be influenced by changing the engine design (valve timing, combustion chamber design etc.) and by improving the engine control. Especially optimization of the valve-timing (overlap period) can help to reduce the emission of unburned hydrocarbons. Moreover, by changing the opening and closing timing of the intake valve (Miller or Atkinson principle) the combustion temperatures can be significantly reduced. This is favorable for catalyst and engine durability and energy consumption [31] .
The decision, however, to change the design of the gas engine, which is mostly derived from an existing diesel engine, is a decision which has large financial consequences and is, therefore, taken with caution. One of the main reasons of the lower fuel efficiency in today's gas engines is the need to throttle the intake air. Research is carried out in different directions to increase the efficiency of otto-cycle engines. In the passenger car industry the development of direct injection engines has been going on for a long time. This direct injection concept could certainly be very interesting for use on gas engines. However, the technology needed for these engines still needs to be developed. Preliminary calculations show that a further reduction in fuel consumption of 8 to 10% can be achieved compared to the consumption of a sophisticated lean burn gas engine [32] . Figure 12 shows the NO x -particulates trade-off of gas engines and diesel engines with low emissions technologies. At present, stoichiometric gas engines are the only engines that can easily meet the EEV standards.
As the costs of a certain concept play a key-role in the market viability it is useful to investigate these. Within TNO a model has been developed to look into this cost aspect. This model will be presented in the next paragraph.
ECONOMIC ASSESSMENT
Crucial for all the possible technology is, of course, its ability to comply with legislation. In this paper it has been shown that the concepts looked at (EGR, SCR-deNOx, particulate traps and gas engines) could all be capable of meeting the EEV legislation envisaged in the coming years. However, it is clear that costs are an other important factor determining the viability of a concept. It is a challenging task to find an appropriate way to look at the costs of future concepts. One of the models developed and used in TNO is of a rudimentary type. It gives, nevertheless, a good understanding of the factors that influence the viability of a certain technology. First of all the model and possible conclusions will be presented.
Then additional remarks will be made with respect to the boundary conditions.
The model calculates the extra costs for the new technology when compared to a current vehicle complying with the EURO 3 emission legislation. For this technology a distinction is made between variable costs and fixed costs. The extra costs per kilometer driven during the lifetime of the new vehicle gives some idea of the cost of the concept. In the calculation of the variable costs the fuel price (and urea-solution for SCR deNOx) is considered, whereas for the fixed costs the extra hardware costs are estimated assuming that large-scale production will be achieved. Initially excise duty or other fiscal measures are not taken into account.
Today's gas engine sales take place in a niche market. Due to the low production numbers the sales price is still considerably high. A typical city bus on LPG in Europe is sold for $15,000 to $20,000 more than a comparable diesel bus.
It is expected that in a number of years there will be a European tax harmonization for motor fuels. The current ideas are to tax motor fuels for passenger transport (city buses etc.) in 2002 as follows (a) Diesel 43 Eurocent/liter (b) LPG 3 Eurocent/liter (c) CNG 4 Eurocent/m n 3 . It will be clear that taxation can considerably influence the viability of the different concepts.
The concepts taken into account are presented in table 5 and are similar to the concepts discussed in this paper. Table 6 gives the estimates made for the fuel prices. These estimates have been derived from a study carried out by the IPCC. In that study predictions have been made for the production costs for different fuels. In 1994 the oil price was almost $18 per barrel. The prices given are without taxation of any kind and calculated back to the energy content of one liter of diesel fuel.
In addition to these fuel prices the deviation of the variable costs of a vehicle are determined by the different fuel economy. The figures presented here make a comparison for a typical EEV vehicle: a city bus. As a boundary condition for this city bus an annual 'mileage' of 60.000 km and a lifetime of 12 years has been assumed. Furthermore, the following assumptions are made:
• the original EURO-3 baseline city bus has a fuel consumption of 2.1 km per liter (47.6 liter per 100 kilometer)
• full-scale production has been achieved (city bus magnitude)
• maintenance costs for all concepts are the same Table 7 shows the estimation made for the fuel consumption of the different technologies. These estimates are based on experience with these vehicles in the field, development tests at TNO and results presented by other researchers.
An extra assumption has to be made concerning the urea price and the consumption for the D-SCR and D-SCT concept. The urea consumption depends on the setting of the engine-out NO x emission.
In order to be able to calculate the increased fixed costs, estimates have been made on the basis of the extra hardware needed for each concept. Discussion with industry (OEMs and suppliers) and today's prices have given an idea of the expected 'full-scale' production costs of the different components. Table 8 shows the hardware responsible for the increase of the costs and the estimated cost increase. Taking the estimates above the increase in costs per kilometer can be calculated (Table 9 ).
It is interesting to see that the different diesel engine concepts are relatively close together. The figures between brackets are the costs when the urea solution price is 60¢ per liter instead of 30¢ per liter. It comes to light that the influence of the urea cost is much larger if the D-SCR concept is chosen. This is understandable as the amount of urea solution needed to reduce the relatively high engine-out NO x emission levels is much larger than with the D-SCT version.
The current world-market bulk price of urea is now approximately $200,-per ton, which would mean a urea solution price of about 11¢ per liter. Industry estimates a urea solution price for the end-user between 30¢ and 60¢ per liter depending on the quantity sold per dispensing unit.
The calculations for the gas engine technology indicate that direct injection technology is promising. However, this technology is furthest from production and expensive development programs need to be undertaken to come to a production viable concept. To a lesser extent this is true for lean burn technology. At the current state of the art it is far easier to achieve the very low emission limits (EEV) with a stoichiometric gas engine. However, the lean burn engine concept is potentially cheaper for the user provided the necessary technology will be developed. As already stated, crucial in this case is the development of an accurate and reliable closed-loop control system and a reliable ignition system, thus making it possible to run with leaner mixtures.
For natural gas engines the fuel storage appears to be the biggest hurdle. Due to the weight of the tanks and the more robust construction the price of the fuel storage is considerably higher than for LPG. Lightweight tanks or other means of storage (e.g. low pressure hybrid storage) would certainly make the natural gas engine more viable.
In the calculations presented above all the tax and excise duty influences have been neglected. This is defendable as only thus a fair comparison can be made between the different technologies. Currently, there are large differences from country to country, which causes the market not to be uniform. Table 10 shows the ranges of excise duty for the three motor fuels considered in the European member states [47] .
In the Netherlands, for example, the government gives a road tax exemption for LPG buses and special subsidies for clean vehicles, provided certain conditions are met. Together with the lower sales price for LPG (approximately 20¢/liter against 50¢/liter for Diesel) this compensates for the higher bus purchase price, vehicle maintenance costs, fuel consumption and possibly higher depreciation in such a way that buying an LPG city bus is, in many cases, economically viable.
At the end of the day, governments are probably not inclined to make a more expensive concept more attractive (by fiscal or other incentives) for longer periods, without an outlook that this technology can survive on its own.
An important question is: why would the cheapest concept not come onto the market in great numbers?
First, the road from the current niche market (e.g. for gas engines) to a considerable production level is very long. The initial development costs are very high. Furthermore, the installation of infrastructure, filling stations, workshop adaptation, legislation etc. takes a very long time and is very costly.
Second, in general the organization of an engine manufacturer is not suited to make large changes in engine concepts. The organizational structure is designed to make incremental improvements in the existing engine technology as it has been done for the past decades to comply with the emission legislation.
Due to these facts it is clear that the coming decades large parts of the heavy-duty transport fleet will run on diesel engines with EGR systems or advanced emission control systems. However, it will still take considerable time to develop this technology, whereas, today's gas engine can already comply with the EEV legislation proposed. Therefore, the gas engine will certainly be used in these niches.
CONCLUSION
After EURO-3 (2000) more stringent emission legislation for heavy-duty vehicles is foreseen in Europe (EURO-4 (2005), EURO-5 (2008) ). This legislation is especially focused on extremely low particulate emission levels.
Most likely, there will be special emission limits for a special class of vehicles (EEV (Enhanced Environmentally friendly Vehicles)) for certain specific areas (cities). EGR for NO x emission reduction is the most likely candidate for EURO-4 diesel engines. In this case, particulate traps will be applied on a large scale on heavy-duty diesel engines in Europe when EURO-4 legislation enters into force.
Given time all engine concepts considered in this paper (Diesel with EGR or deNOx catalyst and particulate traps and several gas engines) will be able to comply with EEV limits.
The urea solution price could play a decisive role in the economical viability of the concepts and whether a particulate filter needs to be used together with an SCR-deNOx system.
Without considering taxation, variable costs (fuel, urea) largely determine which concept (diesel or gas) is the most economically viable.
Direct injection technology and to a lesser extent lean burn engine technology for gas engines has the potential to be more economic than the diesel engine technology considered.
The actual introduction of direct injection technology is hindered by the relatively large research and development investments necessary and the different nature of this kind of development for diesel engine manufacturers. 
